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Abstract. We have derived ozone and temperature trends
from years 2002 through 2012, from 20 to 100 km altitude,
and 48◦ S to 48◦ N latitude, based on measurements from
the Sounding of the Atmosphere using Broadband Emis-
sion Radiometry (SABER) instrument on the Thermosphere,
Ionosphere, Mesosphere Energetics and Dynamics (TIMED)
satellite. For the first time, trends of ozone and temperature
measured at the same times and locations are obtained, and
their correlations should provide useful information about
the relative importance of photochemistry versus dynamics
over the longer term. We are not aware of comparable results
covering this time period and spatial extent. For stratospheric
ozone, until the late 1990s, previous studies found negative
trends (decreasing amounts). In recent years, some empir-
ical and modeling studies have shown the occurrence of a
turnaround in the decreasing ozone, possibly beginning in
the late 1990s, suggesting that the stratospheric ozone trend
is leveling off or even turning positive. Our global results
add more definitive evidence, expand the coverage, and show
that at mid-latitudes (north and south) in the stratosphere,
the ozone trends are indeed positive, with ozone having in-
creased by a few percent from 2002 through 2012. However,
in the tropics, we find negative ozone trends between 25 and
50 km. For stratospheric temperatures, the trends are mostly
negatively correlated to the ozone trends. The temperature
trends are positive in the tropics between 30 and 40 km, and
between 20 and 25 km, at approximately 24◦ N and at 24◦ S
latitude. The stratospheric temperature trends are otherwise
mostly negative. In the mesosphere, the ozone trends are

mostly flat, with suggestions of small positive trends at lower
latitudes. The temperature trends in this region are mostly
negative, showing decreases of up to∼ −3 K decade−1. In
the lower thermosphere (between∼ 85 and 100 km), ozone
and temperature trends are both negative. The ozone trend
can approach∼ −10 % decade−1, and the temperature trend
can approach∼ −3 K decade−1. Aside from trends, these
patterns of ozone–temperature correlations are consistent
with previous studies of ozone and temperature perturbations
such as the quasi-biennial (QBO) and semiannual (SAO) os-
cillations, and add confidence to the results.

Keywords. Atmospheric composition and structure (middle
atmosphere – composition and chemistry)

1 Introduction

Atmospheric ozone and temperature trends from the strato-
sphere into the lower thermosphere are interesting both for
scientific and pragmatic reasons. For years, until the late
1990s, measurements in the stratosphere have found that
ozone amounts had been decreasing (negative trend), while
temperature trends had remained mostly neutral or nega-
tive. From the late 1990s, there were indications from both
measurements and models that, possibly due to decreases in
ozone-depleting substances (ODS), a turning point may have
been reached such that the negative ozone trends in the strato-
sphere would level out or even become positive. However,
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empirical studies were limited in their spatial coverage and
by quality issues concerning the data. The World Meteoro-
logical Organization (WMO, 2010) noted that these observed
ozone increases could not presently be attributed to ozone-
depleting substances (ODS) decrease, due in part to obser-
vational uncertainty and other things, such as dynamics. Al-
though the expectation is that ODS concentrations will de-
crease in time, its future rate of change, and its actual oc-
currence, are of course not certain. Kohlhepp et al. (2012)
have found decreases in total column abundances of HCl and
ClONO2, from 2002 to 2009, based on ground-based mea-
surements from 17 stations spread over the globe. However,
the results are not uniform and in some instances there have
been some increases.

Obviously, more global measurements that extend the time
span and spatial coverage of previous data, made after the
late 1990s, would be valuable in validating and consolidating
the actuality of the ozone turnaround.

Ozone and temperature data from the Sounding of the At-
mosphere using Broadband Emission Radiometry (SABER)
instrument (Russell III et al., 1999) on the Thermosphere,
Ionosphere, Mesosphere Energetics and Dynamics (TIMED)
satellite fill this gap in satellite data. The measurements are
unique in the breadth of their information content, taken
around the globe from about 20 to 100 km, over 24 h in local
solar time (lst) and since the beginning of 2002. This kind
of information has not been available previously, especially
from one instrument.

We believe that SABER measurements provide a new
global data set for both ozone and temperature trends, as we
are not aware of any comparable results covering this time
period and spatial extent. For the first time, trends of ozone
and temperature measured at the same times and locations
are obtained, and their correlations should provide useful in-
formation about the relative importance of photochemistry
versus dynamics over the longer term.

Because of the relatively small values of trends, and poten-
tial mathematical issues in their estimation, previous studies
have emphasized statistical analysis to ensure the quality of
the results.

However, we do not depend only on statistical and error
analysis for this purpose. In the following, we take advantage
of being able to compare our results with others, directly or
indirectly, as follows:

1. We will show below that our ozone trends in the strato-
sphere compare favorably with those of the World Me-
teorological Organization (WMO, 2010), both in mid-
latitudes, where the trends are positive, and in the trop-
ics, where the trends are negative.

2. For temperature, as discussed below, Xu et al. (2007)
have also estimated temperature trends, over 5 years
of data, using an earlier version (1.06 versus 1.07) of
SABER data, and state their results satisfy 95 % confi-
dence levels. Our temperature trends in Fig. 3, also over

5 years, agree well with those of Xu et al. (2007), and
consequently would also satisfy the significance crite-
ria.

3. We will check consistencies in comparing our ozone
with temperature trends. Our results show that in the
middle and upper stratosphere, the ozone and temper-
ature trends are generally negatively correlated with
each other. These results are not unexpected, and have
been noted in previous studies of ozone and temperature
perturbations such as mean variations and the quasi-
biennial oscillations, although not for trends (Brasseur
and Solomon, 2005; Garcia and Solomon, 1985; Finger
et al., 1995). The probability that these correlations are
fortuitous is extremely small. We discuss this in more
detail below in Sect. 3.

These give additional confidence to the reality of the esti-
mated trends for both temperature and ozone, giving strong
evidence that our results are not artifacts of the data or of the
analysis.

2 Data characteristics and analysis

SABER ozone and temperature measurements have been an-
alyzed with success over the past decade. We have derived
ozone and temperature variations with periods from 1 day or
less (diurnal variations) up to multiple years (semiannual os-
cillations (SAO) and quasi-biennial oscillations (QBO)). See
Huang et al. (2010a, b, 2008). Studies by others for SABER
temperature (diurnal tides) include Zhang et al. (2006) and
Mukhtarov et al. (2009). For both ozone and temperature,
these studies show that, for variations that are deviations
from a mean state (e.g., diurnal variations, tides, SAO and
QBO), SABER measurements are robust and precise. For ex-
ample, zonal mean tidal temperatures agree with other mea-
surements to within∼ 1 K (Huang et al., 2010a), and zonal
mean ozone diurnal variations agree with other measure-
ments to within less than a few percent (Huang et al., 2010b).
Deviations from a mean state also include variations such as
trends. It is the systematic uncertainties (accuracy) that can
be large, and the fluctuations about the mean state (precision)
are relatively small. For analysis of data over long periods,
the stability of the instrument and satellite orbital character-
istics are also considerations, and these are discussed in Ap-
pendix B.

2.1 Data characteristics

The data are provided by the SABER project (version 1.07,
level2A). They are interpolated to 4-degree latitude grids,
and 2.5 km altitude grids, after which zonal averages are
taken for analysis.

A feature of SABER data is that, unlike other satellites, the
orbital characteristics of TIMED is such that SABER sam-
ples 24 h of local time, and can identify diurnal variations of
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ozone and temperature (e.g., thermal tides). This is especially
important in the mesosphere and lower thermosphere, where
the ozone and temperature diurnal amplitudes can be domi-
nant. Even in the stratosphere, ozone and temperature diurnal
variations may not be negligible (Huang et al., 2010a, b). For
trend estimation, they need to be identified and accounted for.

2.2 Data analysis

2.2.1 Trend estimation

As noted earlier, we analyze zonal means of the SABER
ozone and temperature data.

The trends are estimated in a similar manner as previously
done by others, using multiple regression analysis (e.g., see
Bevingtion and Robinson, 1992; Keckut et al., 1999) that in-
cludes the seasonal, quasi-biennial (QBO), and solar activity
(f107) terms, on monthly values.

Our trend estimates are based on a least squares analysis
of the equation

O3(t) = a + b · (t) + c · S(t) + l · lst(t) + d · f107(t)

+ g · QBO(t) + N(t) (1)

applied to the data, wheret is time, O3 is the ozone mixing
ratio (or temperature),b is the trend to be determined,c is
the coefficient for the seasonal (S(t)) variations,l is the co-
efficient for local time variations,d is the coefficient for solar
activity (10.7 cm flux) andg is the QBO. Although Eq. (1) is
commonly used, it is a linear representation, while the equa-
tions governing the atmosphere variations are nonlinear. In
addition, some studies include additional terms, such as the
El Niño–Southern Oscillation (ENSO), volcanic eruptions
and equivalent effective stratospheric chlorine (EESC). For
the seasonal and local time terms, the SABER measurement
has an additional complication in that it samples data at dif-
ferent local times, but it takes 60 days to cover the 24 h. The
variations with local time are embedded with the seasonal
variations, and need to be separated from them. The method
we use estimates both the diurnal and mean (seasonal, semi-
annual, annual) variations together. The algorithm performs
a least squares estimate of a two-dimensional Fourier se-
ries where the independent variables are local solar time and
day of year. The method is described in detail in Huang et
al. (2010a, b). The f107 term stands for fitting against the so-
lar 10.7 cm flux, which is commonly used as a measure of
solar activity. In 2002, the flux was near maximum of the
∼ 11-year solar cycle, at about 180 solar flux units (sfu); it
was near minimum in 2008, with a value near 70 sfu, and at
the end of 2012 the value was near 120 sfu. This last value
was unusually low, since the previous maximum was about
180 sfu. The termN(t) stands for the rest of the atmospheric
variability including a random noise term, and is discussed
further in Sect. 2.2.2 (Statistical and error considerations).

Figure 1 shows examples of the monthly temperatures
(K, top row) at 40 km, 40◦ S latitude (left) and 40◦ N, from

2002 to 2012. The bottom row shows corresponding plots for
ozone mixing ratios (ppmv). The estimated trends are also
shown with the monthly values, from which seasonal and lo-
cal time variations have been removed. Note that the tem-
peratures have negative trends, while the ozone trends are
positive. We will discuss this in more detail below.

2.2.2 Statistical and error considerations

A commonly used criteria to indicate if an estimated trend is
statistically significant is that its magnitude must be greater
than 2σ (∼ 95 % confidence level), whereσ is the uncer-
tainty of the trend estimate. However, the uncertainties (e.g.,
standard deviations) of the SABER measurements them-
selves, which are needed for obtaining the uncertainties in
the trends, are not available. As a substitute for the data
variances, we use the sample variance, namely, the sum of
squares of the residuals, normalized by the number of de-
grees of freedom of the fit (e.g., Bevingtion and Robin-
son, 1992). The residuals are the differences between the fit
of Eq. (1), without the termN(t), and the data. Since not
all physical variations are included in Eq. (1), it is likely
that these residuals are overestimates of the data uncertain-
ties, and would then also overestimate the trend uncertain-
ties themselves, and as a balance, we also do not include
N(t) in the regression analysis. WhenN(t) is not included,
adjacent points in the residuals would likely be correlated,
which would affect the estimate of the trend uncertainties.
To analyze the effects of autocorrelation, Tiao et al. (1990)
and Weatherhead et al. (1998, 2000), among others, have
used first-order autoregressive (AR) processes forN(t) to
account for the data autocorrelations. This has the form
Ni = αNi−1 + εi , whereα is a constant andεi is part of a
purely random set. Their analyses show that autocorrelation
can significantly affect the uncertainties in the trends.

The use of AR processes can also help to study the issue of
aliasing between trends and low-frequency variations, such
as those due to solar activity. Following Tiao et al. (1990),
if α is positive with a moderate value of 0.6, thenNi is of
relatively low frequency, and can be “confounded” with the
linear trend, and increases the uncertainties of the trend es-
timate, requiring a longer length of data. Tiao et al. (1990)
derive expressions such that their product with the magni-
tude of the data uncertainty provides an estimate of the un-
certainty of the trend. Their expressions are a function of the
data length, and the trend uncertainty decreases as the data
set length increases. Based on this, for our SABER data set
of 11 years, the autocorrelation of the data can increase the
uncertainty of the estimated trends by about a factor of 2.
Therefore, the existence of low-frequency variations which
have the potential of aliasing with respect to the trends can
increase the uncertainty of the trend estimates. We think it
likely that our use of the fit residuals described above for
data uncertainties would still overestimate the uncertainties
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Figure 1. Top row: temperature trends (straight lines) from 2002 to 2012 at 40 km; 40◦ S (left) and 40◦ N (right) latitude. Pluses denote data
with seasonal and local time variations removed. Bottom row: corresponds to top row, but for ozone mixing ratios.

of the trends, so that our results would still be a conservative
measure of the 2σ criteria.

In Fig. 2, we show the values of our estimated trends for
ozone and temperature. In Fig. A1 of Appendix A, the corre-
sponding statistical significance of the trends are plotted, and
it can be seen that the statistical significance of the salient
features in Fig. 2 are generally well above the 2σ level. In
addition, as seen in Fig. 2, the contours of the trends are
fairly smooth and regular. Although we do not do so here,
if we take averages of adjacent latitudes (±4◦) and altitudes
(±2.5 km), the uncertainties in the estimated trends can be
further reduced by a factor of 3.

3 Results and comparisons

In the stratosphere, our results, based on measurements from
2002 through 2012 help substantiate and enhance evidence of
positive ozone trends in the stratospheric northern and south-
ern mid-latitudes. However, we find that in the tropics, the
ozone trends are negative. Although model results and em-
pirical studies are consistent with this, additional empirical
evidence is still needed. For stratospheric temperature, we
find mostly negative trends except in the tropics and lower
stratosphere. We will see, that in this region, the temperature
trends are mostly negatively correlated to the ozone trends.
In the mesosphere, we find that the ozone trends are mostly
flat. In the lower thermosphere, we find that both ozone and
temperature trends are negative and therefore positively cor-
related. In this region, we are not aware of any other stud-
ies with which to compare. Figure 2 shows the ozone mixing

ratio (ppmv, top row) and temperature (K, bottom row) trends
in both decadal differences (left plots) and percent differ-
ences per decade (right plots). Positive values denote in-
creases from 2002 through 2012. Note that the borders be-
tween brown-green areas denote zero contours, with brown
and red areas denoting positive trends. The coordinates are
altitude (20 to 100 km) versus latitude (48◦ S to 48◦ N).

In discussing the ozone and temperature trends, we will
have occasion to consider the correlations between ozone and
temperature, which can help in verifying our results for both
ozone and temperature. The coincident and mutual variations
of ozone and temperature have been previously studied in
some detail and can provide useful information on the phys-
ical processes associated with each. For example, they can
indicate the relative importance between photochemistry and
dynamics that govern their behavior. For variations as a func-
tion of time over days, Barnett et al. (1975) showed that the
temperature dependence of photochemical reaction-rates, by
themselves, would lead to negative correlations in the upper
stratosphere and mesosphere between ozone and temperature
variations. Finger et al. (1995) found that ozone and temper-
ature mean variations are mostly positively correlated (e.g.,
correlation coefficient) in the lower stratosphere and nega-
tively correlated in the upper stratosphere, based on 16 years
of satellite measurements. They also mention the use of cor-
relations as a check on the quality of the data when the ex-
pected correlations do not hold.

Therefore, we can expect that in altitudes where ozone
photochemistry dominates over dynamics, the ozone–
temperature correlations will be negative, and in regions

Ann. Geophys., 32, 935–949, 2014 www.ann-geophys.net/32/935/2014/



F. T. Huang et al.: Ozone and temperature decadal trends 939

  
  

  
  

   -1.00    -0.50     0.00     0.50     1.00

-48 -24 0 24 48
20
30

40

50

60

70

80

90

100

     
 
 

 

 

 

 

 

 

 -0.4
-0.3

-0.3

-0.2

-0.2

-0.1

-0.1

0.0

0.0

0.0

0.0
0.0

0.0

0.1

0.1

0.1

0.2

0.2

0.3

     

     

 

 

 

 

 

 

 

 

 

 
al

ti
tu

d
e 

(k
m

)

latitude (deg)

SABER O3_96 (ppmv)
Difference per decade Data: 2002 - 2012

 (a)

  
  

  
  

  -15.00    -7.50     0.00     7.50    15.00

-48 -24 0 24 48
20
30

40

50

60

70

80

90

100

     
 
 

 

 

 

 

 

 

 
-10.5

-9.0-7.5-6.0-4.5

-3.0

-3.0

-3.0

-3.0

-1.5

-1.5

-1.5

-1.5

0.0

0.0

0.0

0.0
0.0

0.0

1.5

1.5

1.5

1.5

1.5

1.5

3.0

3.0

4.5

4.5

4.5

6.0

6.0 6.0

7.5

7.5

9.0

9.0

10.5
     

     

 

 

 

 

 

 

 

 

 

 

al
ti

tu
d

e 
(k

m
)

latitude (deg)

SABER O3_96 (ppmv)
%difference/decade Data: 2002 - 2012

 (a)

  
  

  
  

   -5.00    -2.50     0.00     2.50     5.00

-48 -24 0 24 48
20
30

40

50

60

70

80

90

100

     
 
 

 

 

 

 

 

 

 

-2.5

-2.0

-2.0

-2.0

-1.5
-1.5

-1.5
-1.5

-1.5

-1.0

-1.0

-1.0

-1.0

-0.5
-0.5

-0
.5

-0.5

-0.5

-0.5

0.0
0.0

0.0

0.0

0.0

0.5

0.5

0.5

     

     

 

 

 

 

 

 

 

 

 

 

al
ti

tu
d

e 
(k

m
)

latitude (deg)

SABER ktemp(K)
Difference per decade Data: 2002 - 2012

 (b)

  
  

  
  

   -2.00    -1.00     0.00     1.00     2.00

-48 -24 0 24 48
20
30

40

50

60

70

80

90

100

     
 
 

 

 

 

 

 

 

 
-1.2

-1.2

-1.0

-1.0

-0.8
-0.8

-0.8

-0.8

-0.6
-0.6

-0.6
-0.6

-0.6
-0.6

-0.4

-0
.4

-0.4

-0.4

-0.4

-0.4

-0.4

-0.2
-0.2

-0.2

-0.2

-0.2

-0.2

0.0
0.0

0.0

0.0

0.0

0.2

0.
2

0.2

0.2

     

     

 

 

 

 

 

 

 

 

 

 
al

ti
tu

d
e 

(k
m

)

latitude (deg)

SABER ktemp(K)
%difference/decade Data: 2002 - 2012

 (b)

 2001  2365
NCF_TIME  5
NCF_TH 11
NCF_EXT  6
NCF_TOT  61

ISEL   7
IBIN   3 c:\v07\ktemp_11_5_6_2012\

PLOT_DAY:Thu May 15 17:18:25 2014
Figure IDL_TRNDS_2013( 33)

Figure 2. Ozone and temperature trends on altitude (20 to 100 km) vs. latitude (48◦ S to 48◦ N) coordinates. Top row left: ozone differences
(ppmv) (2012–2002); right: percent differences. Bottom row: as in top row, but for temperature (K). Brown-green borders denote zero
contours, with brown and red areas denoting positive trends.

where dynamics dominate, the correlations will generally be
positive. We note that Rood and Douglass (1985) and Dou-
glass et al. (1985) showed that dynamics can also cause anti-
correlations between temperature and ozone, so there can be
exceptions.

Brasseur and Solomon (2005) (see their Fig. 5.11, or
Fig. 11 of Garcia and Solomon, 1985) noted that between
∼ 30 km and∼ 75 km, photochemistry is dominant, leading
to negative ozone–temperature correlations. Below∼ 25 km
and above∼ 85 km, photochemistry no longer dominates.
There are transition regions near 25–30 km and 75–85 km,
which are latitude dependent. As discussed below, it can be
seen from Fig. 2 that our ozone–temperature correlations are

generally consistent with this view, being mostly positive be-
low ∼ 25 km and above∼ 85 km, and mostly negative be-
tween∼ 30 and 50 km. In our analysis (Huang et al., 2008)
of ozone and temperature QBO and SAO, also based on
SABER data, we have found that their corresponding ozone–
temperature correlations agree with this view, being mostly
positive in the lower stratosphere and lower thermosphere,
with negative correlations in the upper stratosphere and in
the mesosphere.

Trends are represented by straight lines, as in Fig. 1, and
the “correlation” is simply determined by the sign of the
slopes of the trends (positive or negative) and whether they
agree or disagree. If the ozone and temperature trends are
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both positive or both negative, then the correlation is posi-
tive. Otherwise (slopes have different signs), the correlation
is negative. In Fig. 1, the corresponding slopes of the ozone
and temperature trends have opposite signs, so they are neg-
atively correlated. In Fig. 2, the blue and green colors repre-
sent negative slopes while the brown, red and yellow colors
represent positive slopes; therefore, so at a given latitude and
altitude, it is straightforward to discern positive or negative
correlations in Fig. 2, simply by comparing the respective
colors between ozone and temperature.

Consistent with this expectation, it can be seen in Fig. 2
that the ozone–temperature trends are mostly positively cor-
related below∼ 25 km and above∼ 85 km, and mostly neg-
atively correlated from∼ 30 to 50 km. The probability that
these expected correlations are accidental or fortuitous is of
course very small. Therefore, the comparisons can provide
confidence for both the ozone and temperature trends. In
much of the mesosphere (50–80 km), our estimated ozone
trends are near zero and not statistically significant.

3.1 Stratosphere (20 to 50 km)

3.1.1 Stratospheric ozone

In Fig. 2, the stratospheric ozone increases at mid-latitudes
are statistically significant, generally from 5σ to 10σ and
more (see Fig. A1 of Appendix A). It is only in the north-
ern mid-latitudes between 25 and 35 km where our results
show a weak negative trend that the values are not statisti-
cally significant. In the tropics up to 35 km, the ratios are
generally near 5σ or greater. In the northern mid-latitudes
(∼ 20 to 48◦), up to 50 km, the ratios are comparable, except
in the area between 30–48◦ N and up to 35 km.

For the stratosphere, numerous studies (e.g., World Me-
teorological Organization (WMO), 2010, and references
therein; Randel and Wu, 2007; McLinden et al., 2009) have
analyzed data from 1979 through 2005 or later, and have
found that prior to the late 1990s, stratospheric global ozone
trends from the southern to northern mid-latitudes have been
negative, with ozone mixing ratios decreasing by up to sev-
eral percent or more per decade, except possibly in the lower
stratosphere in the tropics, where the trend was mostly neu-
tral.

Because abundances of ozone-depleting substances (ODS)
have declined in recent years, there are some expectations
that beginning the late 1990s, the negative trends would
begin to level off or even become positive. We note there
have been studies that suggest dynamics could contribute to
these trends as well. More recently, some studies have sepa-
rated data from before 1996 and after 1996 for trend analy-
sis (e.g., World Meteorological Organization (WMO), 2010,
and references therein; Jones et al., 2009; Steinbrecht et al.,
2009; Newchurch et al., 2003). Since our results are based
on data from 2002–2012, after the beginning of the expected

turnaround, when they are compared to previous studies, the
time span of those data should be kept in mind.

Jones et al. (2009) estimated results based on a variety of
satellite ozone data, from 60◦ S to 60◦ N latitudes, from 20
to 45 km, and from 1979 to 2008. The data are averaged in
nine latitude (60◦ S–30◦ S, 30◦ S–30◦ N, 30◦ N–60◦ N) and
altitude (20–25, 25–35, 35–45 km) bins. They found that up
to 1997, the trends were generally negative. They state that
“after 1997 we find in most cases that the decline of ozone
has slowed down although the fitted recoveries are not statis-
tically significant in any of the bins.” The authors Steinbrecht
et al. (2009) also compared trends for the pre- and post-1997
data, and state:

At all the stations considered here, i.e. from 45◦ S
to 45◦ N, upper stratospheric ozone has been de-
clining by 10–15 % from 1979 to the end of the
1990s. This decline is consistent with early pre-
dictions of ozone destruction by increasing an-
thropogenic CFCs (Crutzen, 1974). Since the late
1990s, the ozone decline has not continued. At
most stations, ozone even appears to be increas-
ing in recent years, in good agreement with model
simulations by the Chemistry Climate Model Vali-
dation Activity (Eyring et al., 2006).

As seen in the upper row of Fig. 2, for the stratosphere
(20–50 km) at latitudes poleward of∼ 20◦, except for north-
ern latitudes between∼ 25 and 30 km, the ozone trends are
positive (red, brown colors), with the ozone increasing up
to ∼ 5 % decade−1. We note that where the trend is negative
(green colors, 25–30 km northern latitudes), the trend is not
statistically significant, whereas in both hemispheres when
the trends are positive, they are statistically significant (∼ 5σ

to more than 10σ). Figure A1 of Appendix A plots the sta-
tistical significance of the trends corresponding to Fig. 2.

These support the apparent turnaround in ozone pre-
sented by the WMO (2010) at mid-latitudes from 20 to
50 km, based on data taken after the turnaround period,
from 1996–2008 (their Fig. 2-7b). Our results also agree
qualitatively with their model simulations at northern mid-
latitudes for the time period 2000–2009. The model simula-
tions show a local maximum near 20 km (∼ 2 % decade−1), a
minimum near 30 km (< 0.5 % decade−1) and another max-
imum near 40 km (∼ 2 % decade−1). Our results at 45◦ N
latitude show positive trends near 20 km, minimum near
25 km (∼ −0.1 % decade−1) and a maximum near 40 km
of ∼ 2 % decade−1. For the southern mid-latitudes, the
WMO (2010) reports that there are not enough measurements
in general and that the model simulations are smaller than
trends derived from measurements at the northern latitudes.
We show more broad positive trends in the southern mid-
latitudes both in area and in amplitude.

Generally then, our results corroborate those presented by
the WMO (2010) in the Northern Hemisphere mid-latitudes,
and consolidate results in the Southern Hemisphere.
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What potentially completes our general agreement with
WMO (2010) is that, in the tropics, in contrast to those
at mid-latitudes, our ozone trends are negative (green, blue
colors) from ∼ 25 to 50 km, with a minimum (largest
magnitude) of about−7 % decade−1 near 35 km, with
values decreasing to∼ −0.1 % decade−1 at 25 km and
at 45 km. The WMO (2010) model simulations (their
Fig. 2-27) between 15◦ S and 15◦ N also show negative
trends, with minimum magnitudes near 25 km and 50 km
of less than−0.1 % decade−1 and a maximum value of
∼ −4 % decade−1 near 40 km. Their empirical results, based
on SAGE (Stratospheric Aerosol and Gas Experiment) and
SAGE II data, also indicate similar negative trends in the
tropics, but there is inference that they are more tentative
and not as robust. It appears that although the tropical pro-
file trends of the WMO (2010) are based on pre-turnaround
conditions, it is not clear if WMO (2010) suggests that they
also apply to the post-turnaround period. In either case, our
results show that, for tropical latitudes, the post-turnaround
period is similar to their pre-turnaround period, which either
agrees and supports the WMO results, or augments and ex-
tends their results, at least qualitatively.

The WMO (and references therein) attribute the negative
trend in the stratosphere at least in part to dynamics.

These agreements with WMO (2010) provide added con-
fidence for both their and our results, and our more detailed
results can help further analysis across the range of latitudes
and altitudes.

Our ozone trends in Fig. 2 do not agree well with cor-
responding plots of McLinden et al. (2009), Randel and
Wu (2007) and WMO (2010, their Fig. 2-4). The disagree-
ment may be because their data also cover many years before
the expected turning point starting the late 1990s.

We note that in the tropics where we show negative trends,
the above references show trends that are essentially zero, in
contrast to other areas where the trends are uniformly nega-
tive.

3.1.2 Stratospheric temperature

As seen in the lower row of Fig. 2, like the case for ozone,
there are both positive (brown, red colors) and negative
(green, blue colors) temperature trends in the stratosphere
(20 to 50 km).

The positive temperature trends are near the equator, cen-
tered near 35 km (red, brown colors), and at approximately
24◦ N and at 24◦ S, around 25 km, with values approaching
1 K decade−1. Between 30 and 50 km, and poleward of∼ 15◦

latitude, the temperature trends are negative (green, blue col-
ors) and can approach∼ 2 K decade−1, except for the small
positive “excursions” near 45 km and 20◦ S latitude. Because
our positive temperature trends do not appear to be supported
by other studies, it is reasonable to question their validity.

As discussed in Sect. 3, in Fig. 2, it is straightforward to
discern positive or negative ozone–temperature correlations

simply by comparing the respective colors alone. In the mid-
dle and upper stratosphere (∼ 30–50 km), when the temper-
ature trends are negative (green, blue), the ozone trends are
positive (brown, red), and vice versa, except at the equator
above 40 km. Thus, the temperature and ozone trends are
mostly negatively correlated to each other between 30 and
50 km. It was also noted in Sect. 3 that this negative cor-
relation might be expected, and is consistent with the view
that in this altitude range, the ozone concentration is deter-
mined more by photochemistry. In the lower stratosphere
(below ∼ 25 km), it is seen that the respective trends are
more positively correlated, as both the temperature and ozone
trends are mostly positive (brown, red), except for tempera-
ture south of∼ 35◦S latitude. This generally positive cor-
relation is consistent with the view that below∼ 25 km, the
ozone concentration is determined more by dynamics than
by photochemistry. We will see later that above∼ 85 km,
the ozone–temperature correlation is also positive, again con-
sistent with the view that dynamics is more in control. The
probability that these expected correlations are accidental or
fortuitous is of course very small, and this provides added
support for the validity of the results.

The expected correlations just described between ozone
and temperature are also evident in Fig. 3, which shows our
derived trends separately for the first half of the solar cycle
(2002–2007, approx. solar max to solar min) and the second
half.

As noted earlier, in our analysis of ozone and tempera-
ture QBO and SAO based on SABER data (Huang et al.,
2008), we have found that the corresponding correlations
agree, being mostly positive in the lower stratosphere and
lower thermosphere, with negative correlations in the upper
stratosphere and mesosphere.

In order to acknowledge different views, we note that
it has been argued that if ozone is depleted, less radia-
tion is absorbed, thereby reducing the temperature. In ad-
dition, dynamics can also contribute. Both of the consider-
ations can lead to positive ozone–temperature correlations.
As noted earlier, the WMO (2010) states, “Although the sim-
ulated [model ozone] upward trends and trends from mea-
surements are broadly consistent, the observed increase can-
not presently be attributed to ODS decrease because of ob-
servational uncertainty, natural ozone variability, and strato-
spheric cooling. Note that both stratospheric cooling and
ODS decrease lead to a projected upper stratospheric ozone
increase.”

For stratospheric temperature, unlike the situation for
stratospheric ozone, there are less previous studies with
which to compare, and where there are past analysis, the
comparison of trends are not as good as that for ozone.

Thompson et al. (2012) reviewed data from the Strato-
spheric Sounding Unit (SSU) on the NOAA operational
satellites. These date back to 1979, and consequently have
been commonly used for trend estimation. For various rea-
sons, the data have undergone reprocessing and the new
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versions provide results that are at variance with those from
earlier processing. Thompson et al. (2012) presented model
results in addition to empirical trends, and there are signifi-
cant differences there as well. Compared to our results, the
situation is not better, as mentioned earlier; we see posi-
tive trends around the equator and others do not, and we do
not agree in other respects as well. In addition, some recent
studies (Steinbrecht et al., 2009; Keckhut et al., 2011) have
found that the previously found negative temperature trends
(∼ 1 K decade−1) in the upper stratosphere may have been
erroneous, and the temperatures have instead remained more
or less constant since the mid-1980s. Keckhut et al. (2011)
analyzed lidar and SSU temperature measurements and also
noted that the cooling ended in the early 1990s, followed
by a “null trend (slight warming)” after 1994. However they
did not separate the data into different periods and analyzed
the data set from 1979–2005 together. Their trends at the
lidar stations showed, with the exception of positive trends
near 80 km, negative values from 30 to near 90 km of about
4 K decade−1 or less.

With the above caveats in mind, we compare with
some previous studies. At low latitudes, our tem-
perature trends are positive at 20 km, reach a min-
imum near 25 km (∼ −1.5 K decade−1), maximizes
near 35 km (∼ 1.5 K decade−1), and then generally de-
crease with altitude, reaching a minimum near 75 km
(∼ −3 K decade−1). At mid-latitudes near 36◦ S, a minimum
of ∼ −2.5 K decade−1 is reached at∼ 35 km, above which
the magnitudes decrease to∼ −1 K decade−1 near 50 km. In
the Northern Hemisphere near 36◦ N latitude, the variation
with increasing altitude is similar, but the minimum occurs
near 40 km.

At higher altitudes, from∼ 30 to 50 km we compare
with Fig. 22b of Randel et al. (2009), who present results
based on satellite data (SSU) and three lidar stations at Ta-
ble Mountain Facility (34◦ N), Haute-Provence Observatory
(44◦ N) and Hohenpeißenberg (48◦ N). As can be seen from
Fig. 2 near 30 km and above∼ 35◦ N latitude, we show rem-
nants of positive trends with increasing altitude, above which
the trend becomes negative and approaches∼ 1 K decade−1.
This agrees best with the results from Haute-Provence Ob-
servatory at 44◦ N which show a positive trend near 30 km,
which becomes negative near 37 km and maximizes near
45 km at just under 1 K. The agreements with the two other
stations are not good.

For low latitudes, Keckhut et al. (1999) analyzed rock-
etsonde temperature data at latitudes 8◦ S, 9◦ N, 17◦ N,
22◦ N, 28◦ N, 34◦ N. The trends are all negative, averag-
ing ∼ 2 K decade−1 from 20 to 50 km, and between∼ 1 to
3 K decade−1 (with more variability) from 50 to∼ 75 km.
Although they do not show the warming trend that we do be-
tween∼ 30 and 40 km, above 40 km, the magnitudes of the
Keckhut et al. (1999) and our trends above 40 km are consis-
tent.

Figure 5 of Ramaswamy et al. (2001), based on satel-
lite measurements from the SSU and Microwave Sounding
Unit (MSU), can be directly compared with our Fig. 2, bot-
tom row. Their contours show negative temperature from
∼ −0.5 K at the lower altitudes to∼ −2.0 K above 40 km.
There are no positive trends, and the larger magnitudes ap-
pear weighted towards the northern latitudes.

Other lidar measurements also generally show results of
negative tenths of K per decade up to∼ − 3 K decade−1. Al-
though the general magnitudes are similar to ours, we do not
discern similar relative variations.

3.2 Mesospheric (50 to∼ 85 km) ozone and temperature

Compared to lower altitudes, there are less long-term global
measurements of ozone and temperature because operational
satellites have routinely concentrated on the stratosphere,
and relatively more measurements are ground-based, with
less spatial coverage. For temperature, as first pointed out
by Roble and Dickinson (1989) and others (e.g., Akmaev et
al., 2006), in contrast to global warming near ground level,
the mesosphere and thermosphere temperature trends are ex-
pected to be negative due to the increase in greenhouse gases
such as CO2 and CH4, and in large part due to their role in
radiative cooling. In the following, we compare temperature
trends with selected previous measurements. Beig (2006,
2011a, b), and Beig et al. (2003) have reviewed temperature
trends in detail, and we will refer mostly to them and the ref-
erences therein.

3.2.1 Mesospheric ozone (50 to∼ 85 km)

For ozone in the mesosphere (50 to∼ 85 km) at low lati-
tudes, as seen in Fig. 2 (top row), the trend is more positive
than negative, but they are mostly not statistically significant.
The contours between brown and green areas denote the zero
trend line, with brown and red areas being positive. Unlike
that for other altitudes, the correlations between ozone and
temperature trends in the mesosphere are not clear, and in-
ferences cannot be made from our results even though the
temperature trends are negative.

Remsberg (2009) presents mesospheric ozone trends
based on data from the Halogen Occultation Experiment
(HALOE) on the Upper Atmosphere Research Satellite
(UARS). Between 50 and 60 km at low latitudes, the trend
values are essentially zero, consistent with our results. They
show negative trends of∼ −2 % to 4 % decade−1 at mid-
latitudes near 50 km, which we do not show.

3.2.2 Mesospheric temperature (50 to∼ 85 km)

As seen in Fig. 2, in the mesosphere, with the exception of
two areas near 44◦ latitudes (north and south) near 70 km,
the trends are negative and can approach−3 K decade−1

(∼ 1 % decade−1) near the equator, and are also mostly sig-
nificant between 50 and 80 km (see Fig. A1).
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3.3 Upper mesosphere–lower thermosphere (MLT,∼ 85
to 100 km) ozone and temperature

We are not aware of previous published results of ozone
trends in the thermosphere. For temperature, there does not
appear to be previous results of global trends, and we com-
pare with ground-based measurements. So the spatial cover-
age is even more limited than in the mesosphere.

In the lower thermosphere (∼ 85 to 100 km), our ozone
trends become negative, and can approach 10 % decade−1 as
altitude increases. The values are statistically significant, and
can approach 10σ or more. Above∼ 85 km, the ozone and
temperature trends are positively correlated, like that in the
lower stratosphere, as photochemistry is no longer in control
at these altitudes.

As seen in Fig. 2, for temperatures in the lower ther-
mosphere, with the exception of one area at 100 km and
∼ 35◦ N latitude, the trends are negative, and can approach
3 K decade−1 (∼ 1 % decade−1) at mid-latitudes. Like that
for ozone, the trends are statistically significant above∼ 85–
90 km (except for the positive trend near 100 km, 35◦ N lat-
itude). Offermann et al. (2010) measured temperatures cen-
tered around 87 km from OH airglow over Wuppertal (Ger-
many, 51◦ N, 7◦ E, 8 km layer) from 1998 to 2008 and es-
timated the trend to be−2.3 K decade−1. This agrees well
with our results in Fig. 2 at 48◦ N latitude. This agreement
is perhaps significant in that, as can be seen in Fig. 2, the
area near 87 km and 48◦ N contains values that are espe-
cially high. She et al. (2009), using lidar, measured tempera-
tures between 85 and 105 km over Fort Collins (CO., 41◦ N,
105◦ W) from 1990 to 2007. Accounting for Mount Pinatubo,
their trends are negative and the magnitudes peak near 91 km
with a value of∼ −1.3 K decade−1 and turns positive near
102 km. This agrees well with our results, including the pos-
itive trend that we see at 100 km. As altitude decreases below
91 km, the magnitude of their negative trends decreases and
reaches∼ 0 at 85 km, their lowest altitude. Our results show
a similar decrease in magnitudes, but they do not reach zero
until ∼ 70 km.

As with the case for ozone noted in Sect. 3.3.1, the poten-
tial of aliasing is also possible for temperature. However, the
reasonable agreement between our results and those of Of-
fermann et al. (2010) and She et al. (2009) should mitigate
concerns on this issue.

3.4 Solar cycle influences

Although solar cycle influences per se are outside the scope
of this study, we present a first look (smell test) of the trends
and further present ozone–temperature correlations over pe-
riods of years. However, a longer data set may be needed to
adequately identify and separate the influences due to solar
activity from that due to other considerations such as photo-
chemistry and dynamics. Consequently, we will not discuss
more details or refer to previous studies.

As noted earlier, our temperature trends in Fig. 3 (bottom
left plot) agree well with those of Xu et al. (2007), con-
sidering that their results are based on an earlier version of
SABER data and that the time spans differ by some months.
In comparing with Xu et al. (2007), it should be noted that
our trend values are normalized to differences per decade.
They state that their results satisfy the 95 % confidence level,
and consequently our trends also would satisfy this signifi-
cance criteria.

Figure 3 shows corresponding trends based on SABER
data from 2002–2007 (approx. solar max to solar min) and
from 2007–2012 (approx. solar min to solar max) for ozone
(top row) and temperature (bottom row). For ozone, it can be
seen that, except at the lowest altitudes, trends based on data
from 2002 to 2007 (top row, left plot) are essentially near
zero (brown-green areas denote zero contour borders, with
brown and red areas denoting positive trends) or negative,
while the trends based on data from 2007 to 2012 (right plot)
are near zero or positive.

4 Summary

We have presented estimates of ozone and temperature trends
based on SABER data from 2002 through 2012, from 48◦ S
to 48◦ N latitude, and from 20 to 100 km, in the stratosphere,
mesosphere and lower thermosphere. SABER measurements
provide an entirely new data set for ozone and temperature
trends as we are not aware of any comparable results cov-
ering this time period and spatial extent. For the first time,
trends of ozone and temperature measured at the same times
and locations are obtained, and their correlations should pro-
vide useful information about the relative importance of pho-
tochemistry versus dynamics over the longer term.

4.1 Stratosphere

For stratospheric ozone, our trends support the results
of the WMO (2010) and references therein, which show
that at northern mid-latitudes, in contrast to periods be-
fore ∼ 1996, ozone trends have become positive (increasing
ozone amounts). Our results verify the apparent turnaround
in ozone trends. However, the WMO (2010) notes that their
observed increase cannot presently be attributed to ozone-
depleting substances (ODS) in part because of observational
uncertainty. Our results, based on completely independent
measurements, should go some way in addressing the empir-
ical issues cited by the WMO. For the southern mid-latitudes,
the WMO (2010) reports that more measurements are needed
and that the model simulations are smaller than trends de-
rived from measurements at the northern latitudes. We show
broader positive trends in the southern mid-latitudes both in
area and in amplitude. Where the WMO (2010) have ozone
trends with which we can compare directly, comparisons are
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Figure 3. Ozone and temperature trends on altitude (20 to 100 km) vs. latitude (48◦ S to 48◦ N). Top row: ozone trends from 2002 to
2007 (declining solar activity; left); ozone trends from 2007 to 2012 (increasing solar activity; right). Bottom row: as in top row, but for
temperature. Brown-green areas denote zero contour borders, with brown and red areas denoting positive trends.

quite consistent, at least qualitatively. Where previous results
are limited, our results augment and extend them.

What completes the agreement in the stratosphere is that
in the tropics, in contrast to those at mid-latitudes, our ozone
trends are negative from∼ 25 to 50 km. This agrees with
the WMO model simulations, and with their empirical re-
sults, based on SAGE and SAGE II data, although the latter
may be more tentative. A caveat is that it is not clear if the
WMO simulations in the tropics are applicable only to the
pre-turnaround period, or also apply to the post-turnaround.
In any case, our results either agree qualitatively with those
given by the WMO, or extend them to the post-turnaround
period.

Our stratospheric temperature trends, like those for ozone,
can be both positive and negative. However, they are gener-
ally negatively correlated with the ozone trends from∼ 30 to
50 km, and mostly positively correlated below∼ 25 km (and
above 85 km). These relative variations between ozone and
temperature have been noticed in previous studies of ozone
and temperature perturbations, although not for trends.

4.2 Mesosphere

The correlations are not so clear in the mesosphere (50 to
85 km) because the ozone trends are only marginally (barely)
positive at low latitudes and are not statistically significant.
Consequently, the accepted trend value for ozone would be
zero.
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4.3 Upper mesosphere–lower thermosphere

In the lower thermosphere (∼ 85 to 100 km), both ozone and
temperature trends are generally negative, and so they are
positively correlated with each other. The ozone trends are
new, with no previous results with which to compare. The
temperature trends compare favorably with some previous
results (although they are scarce), such as those of Offermann
et al. (2010) and She et al. (2009).

The correlations in our ozone–temperature trends strongly
support the validity of each other, as the probability that the
correlations are fortuitous is extremely small.

Concerning the quality of our results, as discussed earlier
in the text, the salient features in Fig. 2 are generally well
above the statistical significance level of 2σ . To further sup-
port the validity of our results, we have seen the following:

1. Our ozone trends in the stratosphere, where direct com-
parisons can be made, agree well qualitatively with pre-
vious studies (e.g., WMO, 2010).

2. As just noted, our ozone–temperature trend correlations
are consistent with many previous studies of ozone–
temperature perturbations (other than trends), includ-
ing relatively long time spans covering many years. The
correlations strongly support our results, for both ozone
and temperature. The chances that the strong negative
and positive correlations are coincidental are very low.

3. Our temperature results compare well with those of
Xu et al. (2007), also based on SABER data. Xu et
al. (2007) state that their trends meet the 95 % confi-
dence level, which then implies the same for our results.
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Appendix A: Statistical significance of trends

As noted above, a commonly used criteria to indicate if an
estimated trend is statistically significant, is that its magni-
tude be greater than 2σ (∼ 95% confidence level), whereσ is
the uncertainty of the trend estimate. The right plots (top and
bottom row) of Fig. A1 show the ratio of the trends to their
respective uncertainties for ozone and temperature, respec-
tively, on altitude–latitude coordinates. The left plots corre-
spond to the right plots, but show the corresponding trends
themselves, as in Fig. 2. In the right hand plots, the brown
colors correspond to a value of 2 for the ratios of the mag-
nitude of the trends to their respective uncertainties,σ , and
mark the level of statistical significance. The red and yellow
colors in the right hand plots correspond to situations that
are statistically significant (greater than 2), while the green
colors correspond ratios of less than 2. The brighter yellow
colors are a result of the ratios beings larger than the upper
plot limit. The lower plot limit is set to negative so that the
brown color demarks the significance of the results.

Appendix B: Additional data quality considerations

The SABER instrument on TIMED has been making mea-
surements for more than 12 years, and it is useful to review
potential issues that can affect the interpretation of trends de-
rived from the data. These include the satellite orbital mo-
tions and possible changes in the instrument performance.

An example related to orbital motion is data from the op-
erational polar orbiter satellites, which have been used by a
large number of previous studies for trends. The advantage is
that the various orbiters together span many decades. How-
ever, problems exist in that the data from orbiters and their
successors need to be matched, and that over time, the orbits
can, and some have, drifted from their nominal characteris-
tics.

The operational polar orbiters generally measure data at a
constant local time, one for the ascending mode (northward
bound) and one for the descending mode. Global coverage
over different longitudes is made once per day by the po-
lar orbits as the globe rotates beneath relative to the orbital
plane. The local times at which the measurements are made
are independent of longitude and, ideally, this would hold
throughout the mission. Consequently, trends derived from
these data correspond to one local time.

However, in some cases the orbital plane has drifted and,
as a result, the measurements are then made at different local
times. Both ozone and temperature variations can be a strong
function of local time (e.g., atmospheric tides). Because or-
bital drifts may result in local time changes that are limited,
not over 24 h, it is problematical to separate variations as a
function of local time from others, such as season.

The situation for SABER on the TIMED satellite is dif-
ferent. The orbit of TIMED is inclined at 74◦, and as such,
the orbital plane precesses at a regular rate so that from day
to day the local times at which the data are measured de-
crease by 12 min, and it take 60 days to sample over the 24 h
of local time. The important difference here is that the data
are sampled over the 24 h of local time. This provides the
opportunity to separate the variations with local time from
those as a function of other variables, such as season. Us-
ing SABER data, we had previously estimated the variations
with local times of ozone and temperature. In this way, we
can estimate not only variations with local time, but we can
also average over local time variations to obtain true mean
variations, which are then used for trend estimates. We have
briefly discussed this Sect. 2.2.1 of the manuscript. More de-
tails are given in Huang et al. (2008), where we have used
the mean values to generate estimates of the annual, semian-
nual and quasi-biennial oscillations. In Huang et al. (2010a,
b), we discuss the local time variations.

Up to now, the orbit of TIMED has been stable. But even
if orbital drifts do occur in the future, we will be able account
for their effects.

As for instrument performance and degradation, the
SABER principal investigator is also an author of this
manuscript. In-flight calibrations and analysis of the instru-
ments components are made routinely. Usually, the data
themselves cannot provide much information on instrument
degradation. However, for our case, we have an advantage
in being able to compare with previous studies, which also
analyzed other data over a decade or more. Importantly,
the comparisons are very favorable. As discussed in the
manuscript, our ozone trends compare very well with those
of the WMO (2010), and our temperature trends compare
well with ground-based measurements of She et al. (2009)
and of Offerman et al. (2010). In addition, our ozone and
temperature trends in Fig. 2 show various positive and neg-
ative trends in various regions. For example, as discussed in
the manuscript, it is expected that in the middle and upper
stratosphere, the ozone and temperature trends would be neg-
atively correlated. As seen in Fig. 2 of the manuscript, near
35 km altitude and the Equator, the ozone trends are negative
(top left plot), while the temperature trends are positive (bot-
tom left). With increasing latitude, between 10 and 20◦ N,
the ozone trends change from negative to positive, while the
temperature trends change from positive to negative. As dis-
cussed in the manuscript, this anti-correlation is expected.
The fact that they cross the zero values at the same locations
with one increasing in value and the other decreasing in value
also indicates that instrument degradation is not an issue. In-
strument degradation would likely undo this co-variation.
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Figure A1. Top row: ozone trends (top left) and ratios to their respective uncertainties (top right). Bottom row: corresponds to top row, but
for temperatures.
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